Objective: People with schizophrenia exhibit abnormalities in brain structure, often in the left hemisphere. Disturbed structural lateralization is controversial, however, and effects appear mediated by gender. The authors mapped differences between schizophrenic and normal subjects in gyral asymmetries, complexity, and variability across the entire cortex.
asymmetries and their functional homologues (1) (2) (3) (4) . There is evidence, for example, that the pathophysiology of schizophrenia is lateralized such that patients show preponderantly left hemisphere deficits (5) . This hypothesis is supported by observations that 1) lesions of the left hemisphere are associated with schizophrenia-like psychosis (5, 6) , 2) patients with schizophrenia exhibit more language-related deficits (left hemisphere dysfunction) (7) , and 3) deviations in structural asymmetries are reported from postmortem and imaging studies (5) .
The reported abnormalities of hemispheric asymmetries in schizophrenia include 1) the reversal of petalias (3, 8, 9) , 2) a lack of asymmetry in frontal volumes (10), 3) disproportionately low volumes in the left hemisphere temporal lobe (11, 12) , and 4) less than normal asymmetry of the superior temporal cortex, the planum temporale proper, and the sylvian fissure (4, (13) (14) (15) . Furthermore, hemispheric effects on indices of gyrification complexity in schizophrenia have been reported (16, 17) . Findings of normal structural lateralization in schizophrenia, however, are present in spite of publication biases toward positive findings (2, 3, 18) . Notwithstanding, neurodevelopmental disturbances influenced by aberrant genetic or environmental factors are thought to contribute to the reported predominantly left hemisphere pathology in schizophrenia (19, 20) . Furthermore, these disturbances are hypothesized to possess a genetic and evolutionary relationship to language specialization in the left hemisphere (1) .
Cerebral asymmetries and their relationships to gender have also been a focus of research. Sex differences exist in structural lateralization: males exhibit somewhat greater hemispheric asymmetries that may be influenced by sex steroid hormones in development (e.g., references 21 and 21) . Furthermore, gender differences occur in the phenomenology and neurobiology of schizophrenia (7, 23, 24) ; cortical and subcortical brain abnormalities are more frequently reported in male patients (25) . By studying abnormalities in cerebral asymmetries, which become manifest early in development (2) , as well as patterns of gyrification, which occur after neuronal migration is complete, the temporal patterns and hemispheric contributions of neuroanatomic variation underlying the etiology of schizophrenia may be elucidated (3, 4) . Furthermore, gender differences may provide insight into potentially disturbed sexually dimorphic developmental processes in schizophrenia.
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To investigate the hypothesized less than normal cerebral asymmetry and abnormalities in cortical complexity in schizophrenia, we used a probabilistic brain atlasing approach and methods that generate average surface models of anatomy (26) (27) (28) (29) (30) . These methods retain information on morphometric measures from individual subjects and facilitate detection of fine abnormalities in brain morphology, including local shape differences and asymmetries that may segregate groups according to diagnostic and/or demographic features. Specifically, we applied these techniques to examine sulcal asymmetries in temporoparietal regions, shape and variability profiles for 38 distinct cortical regions (13, 31) , and gyral complexity in lobar regions. Given that gender differences in normal cerebral structure (32) and in schizophrenia have been described, anatomical mapping and statistical techniques were designed to discriminate sex effects and interactions with diagnostic groups.
Method

Subjects
The subjects were 25 patients with chronic schizophrenia (15 men and 10 women; mean age=31.1 years, SD=5.6) and 28 normal subjects (15 men and 13 women; mean age=30.5 years, SD=8.7). Scanning took place at the Institute of Psychiatry, London. The groups did not differ significantly in age, years of education, height, or parental socioeconomic class. Socioeconomic status was derived from the Standard Occupational Classification of the Office of Population Censuses and Surveys (33) by using the "best-ever" parental occupation. There were two left-handed subjects in each group, according to the Annett Handedness scale (34) . These subjects were included in analyses as they were not determined to have outlying values on the dependent measures.
All of the patients with schizophrenia met the DSM-III-R criteria and were receiving regular antipsychotic medication. The comparison subjects were screened for any personal or family history of psychiatric illness. The exclusion criteria for both patients and comparison subjects included head trauma, drug abuse, and hereditary neurological disorders. All of the subjects gave informed written consent with ethical permission from the Bethlem and Maudsley Ethical Committee (Research).
Image Analysis
High-resolution three-dimensional spoiled gradient recall acquisition magnetic resonance (MR) images (256×256 matrix; 20-cm field of view) were acquired for each subject on a GE Signa 1.5-T scanner as a series of 124 contiguous 1.5-mm coronal slices. The image data (16-bit) passed through several steps that included removal of the data for the cerebellum and extracerebral tissues. The images were digitally transformed into stereotaxic coordinates; the anterior commissure (AC) at midline was placed at the origin (0, 0, 0 in x, y, and z coordinates) and the posterior commissure (PC) at -23.5, 0, 0 such that in each three-dimensional brain volume the AC-PC line was aligned and scaled to the same dimensions (35) . This corrects for the relative position and orientation of each brain and places data in a common coordinate space for group comparisons. Cortical surfaces representing boundaries between gray matter and external CSF were extracted from each MR volume by using a three-dimensional active surface algorithm (36) . Briefly, a spherical mesh surface is continuously deformed to fit tissue threshold intensity values from "scalp-edited" brain volumes. The resulting cortical surfaces consist of 100,000-150,000 polygons forming high-resolution meshes of discrete triangular elements (37) .
Delineation of Cortical Surface Sulci
Curves following the patterns of 12 major sulci were outlined manually on magnified cortical surface models. The sulci included were the 1) central sulcus, 2) precentral sulcus, 3) postcentral sulcus, 4) inferior frontal sulcus, 5) superior frontal sulcus, 6) inferior temporal sulcus, 7) superior temporal sulcus, 8) sylvian fissure, 9) intraparietal sulcus, 10) olfactory sulcus, 11) collateral sulcus, and 12) occipitotemporal sulcus. The termination points of the cortical sulci followed the rules summarized in Table 1 (37, 38) and were applied by viewing all three planes simultaneously. Seven pairs of midline landmark curves bordering the longitudinal fissure were delimited to establish hemispheric gyral limits. Surface contours were outlined in all brains by a single investigator (K.L.N.) blind to group status. Intrarater reliability was evaluated by repeatedly outlining the same structures (six times) in a randomly chosen brain. The contouring error was less than 1 mm (three-dimensional root mean square distance) in all cases. Interrater reliability for this delineation protocol was established previously for cross-study comparisons with an interrater error between 0 and 2 mm for all sulci (three-dimensional root mean square distance) ( Caudal: lateral occipital gyrus a Curves following the patterns of major sulci were digitized on the cortical surface models by using the neuroanatomic criteria summarized here and described in detail elsewhere (37, 38) . The sulci were followed continuously in cases of minor interruptions by cortical gyri.
Calculation of Cortical Complexity
Cortical complexity was calculated in distinct neuroanatomic regions by using the sulcal outlines as landmarks for delineation. The cortical surface was separated into 1) superior frontal (dorsolateral), 2) parieto-occipital, 3) temporal, and 4) inferior frontal (orbitofrontal) regions in each subject (Figure 1 ). The superior frontal region was bordered by the central sulcus posteriorly, and the sylvian fissure and the inferior points of the inferior frontal and frontomarginal sulci were used as ventral landmarks. The inferior frontal region included the orbital cortex and was defined by superior frontal region boundaries dorsally. The temporal region included the cortex inferior to the sylvian fissure, and the posterior boundaries followed a line from the posterior and superior extremes of the sylvian fissure, inferior temporal, and collateral sulci inferiorly. The central sulcus formed the anterior boundary of the parieto-occipital region, and the temporal region boundaries served to delimit the lateral and inferior extents (unpublished article by Blanton et al.). Given that the same sulcal anatomies were used for delineation, the reliability for lobar parcellation was as already described.
Cortical complexity was defined by the frequency of sulcal/gyral convolutions in all three planes in each lobar subregion of the cortical surface model (39) . The fractal dimension (surface complexity) is computed by obtaining the logarithmic least squares regression of the surface area against the spatial frequency of the surface mesh representing each region. A complexity value of 2.00 describes a surface region that is planar (flat), while increasing values between 2.00 and 3.00 indicate more cortical convolutions.
Averaging of the Cortical Surface
The manually outlined sulcal curves were reparameterized to render digitized points uniformly spaced. Average models of each curve were obtained by matching equally spaced points from corresponding sulci in each subject. Individual point-wise sulcal deviations were retained, providing information on intragroup sulcal variability ( Figure 2 ) (27, 28, 37, 39, 40) . The variability of the entire cortical surface was determined by using the averaged sulcal and landmark curves as anchors to drive the threedimensional cortical surface models from each subject into correspondence, as shown in Figure 2 (28, 29, 36, 37) . Corresponding sulcal curve points for the two hemispheres were subtracted to obtain asymmetry maps that showed averages and magnitudes of asymmetry within each group (mirrored in each hemisphere) in color.
Measurement of Brain Volume
Total brain volumes for all tissue types were obtained, after correction for radio-frequency inhomogeneities (41) , by classifying brain matter as white matter, gray matter, CSF, and background (42) . Reliability in selecting representative intensity values for these tissue types was evaluated by classifying 10 different test brains (r>0.94 for all tissue types [43] ).
Statistical Analyses
Measures of sulcal dimensions at the cortex were obtained in terms of three-dimensional Talairach stereotaxic coordinates. To compensate for any confounding effects of AC-PC scaling, the original AC-PC distances were cubed and assessed, along with brain volumes, as possible covariates by examining statistical linkages with the dependent variables. Source variables hypothesized to characterize gyral asymmetries and shape profiles of temporoparietal sulcal anatomy were chosen as dependent variables. The dependent measures included the superior extreme (ymaximum coordinate), the posterior extreme (x-minimum), and slope of the sylvian fissure and temporal sulci. The anterior extreme (x-maximum coordinate) and curvature were included as postcentral sulcal measures. The measures of cortical complexity have already been described. To examine gyral geometry and cortical complexity, we used right and left hemispheric measures as repeated measures in analyses of variance (ANOVAs) or analyses of covariance (ANCOVAs) as determined by the significance of the covariates in a two (sex) by two (diagnosis) by two (hemisphere) design. Type I error was controlled by adopting Bonferroni corrections for each set of three sulcal measures (p<0.016) and the four complexity measures (p<0.0125).
Results
Covariates
To examine whether the AC-PC distance and raw brain volume differed between groups, these measures were used as dependent variables in separate two (sex) by two (diagnosis) ANOVAs. A significant sex effect was found for AC-PC distance (F=8.42, df=1, 49, p<0.006), with greater distances in the men (mean=26.84 mm, SD=1.33) than in the women (mean=25.72 mm, SD=1.43), and for brain volume (F=13.58, df=1, 49, p<0.0005; men: mean=1270.9 cm 3 , SD=117.8; women: mean=1161.5 cm 3 , SD=86.8). Finally, a similar analysis assessing the effect of AC-PC scaling on brain volume revealed that although a significant sex effect on brain volumes remained after AC-PC scaling (F= 4.54, df=1, 48, p<0.04; men: mean=945.8 cm 3 , SD=228.2; women: mean=949.0 cm 3 , SD=147.7), the highly significant effect of the covariate (F=31.29, df=1, 48, p<0.00001) largely controlled for differences in head size between the sexes, although here the goal was to allow comparison of anatomical maps in stereotaxic space.
Finally, the original AC-PC distances and brain volumes were evaluated as covariates by examining correlations with the dependent variables to remove potential differences in AC-PC scaling and head size from the data. None of the sulcal measures revealing significant statistical effects showed a significant association with AC-PC distance. Higher brain volumes, however, may exhibit greater cortical folding that may segregate the sexes. Brain volume was assessed as a potential covariate in the complexity analyses given that although surface area is controlled for in this measure, the brain volumes were scaled according to the AC-PC line. Raw brain volume was significantly associated with the complexity measures (median r=0.38) and was included as a covariate in analyses. Table 2 lists the sulcal measures showing significant asymmetries, effects of sex and diagnosis, and interactions with hemisphere from the ANOVAs described in the Method section. The significant sulcal asymmetries included the following: 1) greater right hemisphere sulcal slopes, 2) posterior extension of the sylvian fissure and su- a Separate two (sex) by two (diagnosis) by two (hemisphere) ANOVAs were performed to quantify left/right cerebral asymmetries of the sylvian fissure, superior temporal sulcus, inferior temporal sulcus, and postcentral sulcus. The same analyses were performed to assess asymmetries in gyral complexity for the inferior frontal, superior frontal, temporal, and parieto-occipital regions. The dependent variables for the external sulci included the superior extreme (y-maximum coordinate), posterior extreme (x-minimum coordinate), and slopes for the sylvian fissure and temporal sulci in stereotaxic space. The dependent measures for the postcentral sulcus included the anterior extreme (x-maximum coordinate) and curvature. All sulcal measures are reported in Talairach stereotaxic space. Raw brain volume was included as a covariate in the complexity analyses. Sulcal curvature is the curved length divided by the straight length. Slope is the gradient of the sulcus fitted through each point.
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perior temporal sulcus in the left hemisphere, 3) greater superior extremes of the sylvian fissure and inferior temporal sulcus in the right hemisphere, and 4) more rostral anterior extreme of the postcentral sulcus in the right hemisphere.
Variability Maps
Average surface maps for the four groups defined by diagnosis and sex show localized asymmetries in the inferior and superior temporal sulci, sylvian fissure, and postcentral sulcus (Figure 3) . Variability on the lateral surfaces appears greatest at the superior extreme of the superior temporal sulcus and is greater in the right hemisphere in all groups (Figure 3) . Overall, the variability maps suggest greater individual differences in neopallial association areas in respect to phylogenetically and ontogenetically older areas of the cortex (Figure 3, Figure 4 , Figure 5 ). Asymmetries in the temporoparietal regions mapped in three dimensions were confirmed in statistical analyses of the extents of the temporoparietal sulci (Table 2) .
Diagnostic Effects
In the variability maps the patients showed greater variability in the frontal cortex than did the comparison subjects (Figure 4 ). The patients also showed greater variability in frontal midline curves, suggesting a larger interhemispheric fissure and localized vulnerability in the frontal cortices. The perisylvian asymmetries, however, appeared similar in the two diagnostic groups ( Figure 5 ).
Asymmetry coefficients of sylvian fissure measures, calculated with the formula (L-R)/0.5(L+R), clearly showed that there were minimal laterality differences between diagnostic groups ( Figure 6 ). ANOVAs however, revealed significantly lower superior extremes of the sylvian fissure in the patients with schizophrenia, but no interaction with hemisphere ( Figure 6 ). Finally, an ANCOVA showed a significant diagnosis-by-hemisphere interaction for gyral complexity in the superior frontal cortices (Figure 7 ).
Sex Effects
The maps showed greater variability in the ascending ramus of the sylvian fissure of the male groups and in the ascending superior ramus of the inferior temporal sulcus in the female groups (Figure 3 ). Statistical tests revealed significantly greater curvature of the postcentral sulcus in the men than in the women. In the comparison group, the slope of the superior temporal sulcus in the right hemisphere was also significantly greater for the men than for the women. Finally, cortical complexity was significantly greater for male than female subjects in inferior frontal regions.
Discussion
Disturbances in structural brain asymmetries in schizophrenia have been reported, although some empirical data contradict this general hypothesis (2, 3, 18, 44, 45) . The majority of evidence suggests, however, that the pathophysiological mechanisms are diffuse, involving structural and functional systems in both hemispheres, although the left hemisphere is more widely implicated (5) . At the cortex, gyral asymmetries have been shown as undisturbed, less lateralized compared to normal, and even reversed in schizophrenia (e.g., references 2, 3, 8, 9, 15, 18, 46) .
Cortical Asymmetries
We mapped sulcal asymmetries across the entire cortical surface in schizophrenic and comparison subjects. Statistical analyses confirmed the presence of significant sulcal asymmetries in temporoparietal regions in both diagnostic groups ( Figure 5 ). Several of these asymmetries are well established in normal populations, but to our knowledge, they have not been previously mapped in three dimensions. For example, it is known that the sylvian fissure extends further posteriorly in the left hemisphere (corresponding to greater planum temporale asymmetries in these regions) and rises more steeply in the right hemisphere (e.g., references 27, 47, 48). Our results are similar, showing greater than normal left hemisphere sylvian fissure length and right hemisphere slope and height ( Figure  6 ). These asymmetries were largely mirrored in the superior and inferior temporal sulci.
Postcentral gyrus hemispheric asymmetries have been reported in normal adults (49) and in Alzheimer's disease patients (right-handed men) (29) . Our results corroborate these findings, revealing significant asymmetry of the postcentral sulcal anterior extreme (right hemisphere greater than left hemisphere) in both diagnostic groups. Such asymmetry may be associated with asymmetries of the slope and horizontal length of the sylvian fissure and temporal sulci and may reflect asymmetries in the parietal operculum that complement planum temporale asymmetries (not necessarily related) in right-handed subjects (50).
Many earlier studies assessing perisylvian asymmetries in patients with schizophrenia focused on the planum temporale, a triangular region on the superior temporal gyral surface that is involved in language functions. The findings indicate abnormally low planum temporale volume and area in the left hemisphere of patients with schizophrenia (e.g., references 15 and 51). Negative findings exist, however, and discrepancies in results are difficult to interpret given the differences in the measurement techniques used (2, 18) . Although sylvian fissure measurements and planum temporale area/volume asymmetries overlap, they should be considered different measures (52) (53) (54) . That is, typically the planum is found to be symmetrical when the boundaries include the posterior ascending ramus of the sylvian fissure (55) . This appears to indicate, as others have suggested, that the horizontal segment is a better indicator of planum temporale asymmetry (52) and that the right hemisphere ascending segment compensates for the shorter horizontal segment. Cytoarchitectonically, however, the auditory association cortices extend into the ascending part of the sulcus (55) .
In this study, the sylvian fissure was not divided at the cortex to specifically isolate planum temporale regions, and no conclusions regarding abnormalities of laterality of the planum in schizophrenia are assumed. In previous studies, both the sylvian fissure and the anatomically overlapping planum temporale showed large hemispheric asymmetry effects in normal subjects. According to Cohen (56, 57) , an effect size, f, is considered small if f is 0.10, medium if f is 0.25, and large if f is beyond 0.40. As in the earlier studies, we found hemispheric asymmetry effects with f values greater than 0.40. Since studies with relatively small study groups have shown hemispheric asymmetries in schizophrenia that are less than in healthy subjects, and since some studies have even shown complete reversals of hemispheric asymmetries (15) , effect sizes for diagnosisby-hemisphere interactions for sylvian fissure measurements might similarly be expected to be large or at least medium in magnitude. Post hoc power analyses revealed that empirically measured effect sizes for asymmetries were extremely large: f= 0.90, f=0.60, and f=0.80 for the sylvian fissure posterior extent, superior extreme, and slope, respectively, with power between 0.90 and 0.99. Hemisphere-by-diagnosis interactions for these measures, however, showed extremely small empirically measured effect sizes (f<0.10). The probability of type II error for such small effects was therefore greater than 0.50. If these effect sizes are truly representative, our analyses indicate that only unreasonably large study groups would likely reveal effects showing small differences in sulcal asymmetries, even with alpha at 0.05. Notwithstanding, if the diagnosis-by-hemisphere effects were large, as implied by previous study results, our study would have had reasonable power to detect group differences in asymmetry.
These findings suggest that 1) sylvian fissure asymmetries at the cortex that include the planum parietale, which follows the terminal ascending ramus, do not reflect less than normal planum temporale asymmetry in schizophrenia (54) and 2) group differences in perisylvian sulcal asymmetries, if present at the cortex, are likely so small that they are of minimal diagnostic importance ( Figure 5 and Figure 6 ). Supporting our findings, Bartley et al. (58) used similar sylvian fissure measurements and found normal hemispheric asymmetries in monozygotic twins discordant for schizophrenia. Furthermore, DeLisi et al. (3) reported somewhat less laterality in the horizontal component of the sylvian fissure in schizophrenia (although the difference was not statistically significant) but no difference for the vertical segment. Finally, we found the sylvian fissure superior extreme to be more inferior in the patients than in the comparison subjects but not to exhibit diagnosis-by-hemisphere effects.
Sulcal Asymmetries and Sex
Structural asymmetries are influenced by gender (e.g., references 2, 48, 59), and gender interactions in schizophrenia have been reported (24) but not always supported (60) . Significant sex effects in this study indicated greater asymmetries of the superior temporal sulcal slope and postcentral sulcal curvature in men. Gender differences in sylvian fissure asymmetries were absent, however, but as mentioned, discrete partitions were not assessed, and this may have obscured sex differences relating to planum asymmetries (9, 48) . Finally, the greater right hemisphere superior temporal sulcal slope in men than in women in the comparison group was not present in the patients, suggesting that sexually dimorphic developmental processes that may result in greater structural asymmetries in males may be disturbed in schizophrenia.
Cortical Complexity
Cortical complexity reflects the number of primary, secondary, and tertiary sulcal bifurcations in a region and may reveal potentially different patterns of gyral geometry that become manifest during development or disease (27, 40) . Procedures for cortical surface averaging may underestimate interindividual differences in sulcal continuity (16, 17) . For instance, significantly greater right hemisphere prefrontal complexity was found in male patients than in comparison subjects (17) when a gyrification index (62, 63) representing the ratio of the outer (superficial) to the inner (deep) perimeter of a cortical slice was determined. In contrast, we report abnormal asymmetry in superior frontal regions in patients (left hemisphere greater than right). Cortical complexity indices, however, showed average differences between patients and comparison subjects (except right hemisphere temporal lobe) ( Figure 7 ) that were at least in the same direction as those indicating greater complexity in right frontal and left temporal regions in schizophrenia (17, 61) . Notwithstanding, different methods may make crossstudy comparisons of complexity measures unsuitable. For example, here fractal complexity was measured in three dimensions such that group differences in gyral geometry in the vertical, horizontal, and lateral planes could be detected. That is, complexity was not computed on the basis of a single two-dimensional plane of reference defined by a particular, noncontiguous brain slice. Moreover, gyral complexity was measured across the cortical surface in anatomically homologous regions in each subject.
Greater cortical complexity in male than female subjects was found in inferior frontal regions. Other investigators (62, 64) have failed to find differences in cortical complexity across gender in normal populations, but again, methodological differences between studies exist. For example, gyral complexity has been computed by using the a ratio of total cortical surface area to brain volume (64), which may not be sensitive to the same features as the three-dimensional approach used here. Furthermore, in an earlier postmortem study (62) , only temporal regions were assessed in addition to the gyral complexity from coronal slices over the entire cortex. It is therefore possible that gender effects may have been overlooked in the inferior frontal cortices. Clearly, new studies may establish whether sexually dimorphic development processes, in specific cortical regions, influence gyral complexity.
Conclusion
In this study, we detected highly significant asymmetries at the cortex in patients with schizophrenia, contrary to prior findings of less than normal lateralization. Subtle differences in sulcal surface asymmetries, if present in temporoparietal regions in schizophrenia, however, may require substantially larger study groups for detection, suggesting their diagnostic value is minimal. Our results, however, suggest the absence of reversed asymmetry in schizophrenia. The discrepancy in results may be related to the criteria for sylvian fissure measurement and whether the horizontal or posterior regions are included. In contrast, cortical complexity indices indicated a disturbance in the patterns of gyral asymmetries in frontal regions of patients with schizophrenia. Many studies have implicated lateralized structural deviations in frontal regions in schizophrenia, showing abnormalities in petalias, lobar asymmetries, and lateralized low gray matter volume, which lend some support for these results (3, 10, 25, (65) (66) (67) . Finally, there is substantial individual variation in the patterns and degree of hemispheric differences as seen in the cortical variability maps (9, 29, 48) . Subject variables such as hand preference and sex as well as clinical features may all influence patterns of cortical variation (51) . Examination of these factors may help clarify some differences across studies concerning the abnormalities of asymmetries in perisylvian and frontal regions in schizophrenia.
